content of K and Na was measured in isolated nonperfused proximal straight renal tubules (PST) in order to determine the mode of cell volume regulation in hypotonic bathing media. Immersion in hypotonic medium caused PST to lose K and Na (with anions) in a magnitude sufficient to account for the regulation of cell volume. Hypothermia (1OOC) blocked cell volume regulation in hypotonic medium by promoting net accumulation of Na, although K loss was equivalent to that observed at 37°C. Ouabain (low5 M) caused rapid loss of cell K and gain of Na in an isotonic bath, but the glycoside did not inhibit the subsequent adjustment of cell volume in hypotonic medium. In hypotonic medium ouabain-treated tubules lost Na, but not K, to account for hypotonic volume adjustment of PST in ouabain. We conclude that proximal straight tubules extrude electrolytes (K, Na, and anions) in the adjustment of cell volume in hypotonic media; in normal tubules K and Na are lost whereas Na moves primarily in ouabain-treated tubules. The adjustment of size through the extrusion of intracellular solutes in dilutional states appears to be a general property of mammalian cells. kidney tubules; proximal straight tubules; cell electrolytes; sodium and potassium transport; intracellular volume; ouabain; hyponatremia RENAL TUBULES transport fluid in two important respects. First, there is transcellular absorption of large volumes of glomerular filtrate in the normal course of urine formation. Second, the intracellular volume of renal tubule cells is regulated by transfer of fluid across the basolateral plasma membranes, primarily (7). The extent to which the two fluid-transport processes are interrelated is not clear. However, we have a reasonable understanding of transport at the basolateral membrane since the regulation of intracellular volume can be studied as an isolated phenomenon in tubules in which transtubular transport is eliminated by obliteration of the tubule lumen (7). From a variety of studies (24) it is clear that regulation of tubule cells to a normal size proceeds when the interstitial medium is either isotonic or hypotonic.
Previously, we had shown that renal tubules swelled extensively a few seconds after the osmolality of the external bath was reduced (7). More important, within 10 min after swelling maximally the intracellular volume decreased nearly to normal. The rapid loss of intracellular water in hypotonic medium was believed to be due to the efflux of intracellular electrolytes, principally KCl, in a manner similar to that described previously in various types of cells (6, 13, 16, 19, 20, 25) . The adjustment of proximal straight tubule (PST) cell colume in hypotonic media was blocked by hypothermia, but ouabain, an inhibitor of Na-K-ATPase, did not appear to interfere with the volume adjustment process. From these observations we speculated that an energy-dependent step was an important component of the regulation process, but it seemed unlikely that energy utilization was coupled to active Na transport by the classical Na-K-ATPase system. To understand the nature of volume regulation better, in the present studies we measured the intracellular content of K and Na in isolated proximal straight tubules exposed to hypotonic medium. We confirmed our initial postulate that K was the principal cation lost from the cell of normal PSTs in hypotonic medium. Surprisingly, we found that ouabain changed the intracellular composition of cations to the extent that Na, rather than K, was lost primarily during hypotonic volume adjustment in the presence of glycoside.
METHODS
Female New Zealand white rabbits (1.5-2.0 kg) were anesthetized with pentobarbital (30 mg/kg, iv). The left kidney was removed, a section was taken and placed in chilled (1OOC) rabbit serum. Proximal straight tubules were dissected from a zone midway between the capsule and the corticomedullary junction of the kidney slice. We specifically avoided using fragments of PST with convoluted ends (so-called curly straight from the outer cortex) or juxtamedullary
PSTs. Approximately 20-40 individual PSTs were dissected from the kidney slice in 30 min. Each PST was pruned to a length of 2 mm with a small knife. All tubules were transferred to a bath of rabbit serum (Microbiological Associates, Bethesda), maintained at 37°C in an incubator and gassed with 95% by freezing-point depression. Bovine albumin (Sigma Chemical Co., St. Louis) was added to all media to a final concentration of 6 g/100 ml. The commercial albumin concentrate was dialyzed at least 18 h against a large volume of the respective test media before addition to the final working solution. After preincubation the tubules were carried for the remainder of the study in siliconized plastic tissue-culture dishes in an incubator at 37°C. In a typical experiment the tubule segments were divided into control and experimental portions.
At specified intervals three tubules (6 mm of tubule length) were removed for analysis of cellular K and Na.
The following procedure was devised for convenient analysis of tissue electrolytes.
We evaluated the possibility that a brief rinse of tubules in chilled choline chloride solution would remove the bulk of extracellular sodium without seriously affecting the intracellular content of solutes. Tubules were pipetted directly into cold (5°C) choline medium for various periods. The isotonic choline rinse solution contained, in millimoles per liter: choline Cl, 150; K2HP04, 2.5; MgS04, 1.2; CaCl,, 1.2. The pH was adjusted to 7.4 at room temperature with HCl. Hypotonic rinse medium was made by deletion of an appropriate quantity of choline chloride. The tubules were draped over the tip of a thin Pyrex needle and the medium was swirled to insure vigorous rinsing. At the conclusion of the rinse period the tubules were lifted into the air where they quickly dried into a tiny clot of tissue on the tip of the glass needle. Each collection of tubules was placed under water-equilibrated mineral oil in a small siliconized beaker. The glass tip was broken off leaving the tubules and a small fragment of glass in the bottom of the beaker. PST's and the total content of K and Na. Consequently, K and Na content was expressed in relation to the initial length of the tubules (meq mm+ x 10eg). No correction was made for extracellular K contamination, since this component would contribute less than 10% to total K content. No correction was made for changes in tubule length in studies in which intracellular volume was increased or decreased.
For studies of isotope washout, PST's were incubated in rabbit serum at 37°C containing para-aminohippurate ([3H]PAH, 2.5 &i/ml, sp act 250 mCi/mmol; Amersham/Searle, Arlington Heights, 111.) and [ 14C]urea (10 &i/ml, sp act 50 mCi/mol; Amersham/Searle) for 1 h. After the initial incubation the tubules were rinsed in chilled RAR medium containing no isotope for various periods. The tubules were dried in air, then transferred to a liquid scintillation vial containing 100 ,ul of 10% trichloroacetic acid and extracted overnight. Ten milliliters of Aquasol were added and the samples were counted in a liquid scintillation counter (Nuclear-Chicage, DesPlaines, Ill. ) .
RESULTS
Validation of cell Na-K method. The validity of the method for quantifying cell Na and K depends on the restricted movement of these ions from cytoplasm to external medium in the chilled choline chloride medium. Examples of the time course of total tissue Na and K after rinsing in chilled choline chloride are shown in Fig. 1 . When control tubules were studied there was a rapid loss of sodium from the tissue, whereas the content of potassium decreased only slightly during the 1st min of the rinse. The tissue content of Na and K remained constant for at least 3 min in the chilled medium. As a test of the conclusion that after rinsing the tubules the remaining Na and K was principally intracellular, we preincubated tubules in a high concentration of ouabain in order to change the composition of cellular Na and K. Upon rinsing the ouabain-treated tubules in choline chloride (Fig. l) , there was a rapid loss of tissue Na in the 1st min and K decreased slightly as well. The tissue content of Na and K remained constant between 1 and 3 min. Of special note in Fig. 1 is the marked difference between the residual content of Na and K of the two groups of tubules in the absence and presence of ouabain. These studies provide support for the claim that a 45-to 60-s rinse in chilled choline chloride medium is sufficient to remove extracellular Na, with minimal alteration in the cellular content of Na and K. In the remainder of the studies of cell content we used this technique to estimate intracellular content of Na and K in proximal straight tubules.
As a further test of the method to measure intracellular solute, we studied the efflux of PAH and urea from nonperfused proximal straight tubules (Fig. 2) . PAH is actively accumulated to high levels in PST (22) as is K whereas urea appears to distribute passively in the intracellular water of most cells. The tissue content of both solutes was reasonably stable after 1 min of rinsing in chilled media containing no labeled PAH or urea. These observations indicate that PAH and urea, as well as cations, can be confined within the cells, lending additional support for the method of tissue analysis.
Variation of tubule Na-K content and volume. It had been previously shown that proximal straight tubules from different rabbits vary widely in respect to the accumulation of PAH and transcellular absorption of water (5, 12, 22). The size and cellular Na and K content of PSTs from different rabbit kidneys vary widely as well (Fig. 3) . Tubule cell volume, estimated from the diameter of individual segments, ranged between 0.4 and 1.5 nl/mm of tubule length. Potassium content ranged between 55 and 174 and Na between 0 and 50 meq mm-l x 10Bg. Based on the values in Fig. 3 , the average tissue content of K and Na was 125 and 33 meq liter-l tissue volume, respectively. Assuming cell water content is 80% of total tissue volume, intracellular K and Na was 156 and Na was 41 meq liter-l cell water, respectively, to a first approximation. It should be noted that values for cell volume and cation content from different tubules of the same kidney did not vary as widely as samples drawn from a random pool of kidneys. In 14 kidneys, control measurements of K and Na content were made in 2 groups of tubules from the same kidney. The control K and Na values of the two groups of control tubules differed by 8.9 and 12.2 meq mm+ x 10pg, respectively, in comparison to the wide range of values seen among different kidneys (Fig.  3) . Thus values for K and Na content showed better agreement among tubules removed from the same kidney, in contrast to those taken from different kidneys. Accordingly, for the present analysis a control group of tubules was dissected in each study as a reference for comparison of experimental interventions.
Effect of ouabain on PST volume and content of Nu and K. The diameter and hence the volume of proximal straight tubules increases in the presence of ouabain (Fig. 4) . The extent of cellular swelling is dependent on the concentration of ouabain in the external bathing medium. With all concentrations of ouabain tested there was an initial decrease in cell volume. The nadir was reached in approximately 5 min, after which the volume increased to reach a stationary level ultimately dependent on the concentration of glycoside in the bathing medium. Ouabain at 10V4 M gave a maximal swelling response, inasmuch as 10e3 or 10S2 M concentrations did not cause further cell swelling of a significant degree. After 60 min in 10m5 M ouabain the volume of cells was not different from control, on the average, although the initial shrinkage was most apparent with the lower concentration of glycoside. It should be noted that low4 to inhibit net fluid absorption (NaCl transport) in PST's by more than 90% (10) and to reduce the potassium content of proximal tubules by about the same percentage (2). While it would appear that ouabain at 10m4 M severely inhibits active solute transport in isolated proximal tubules, it is possible that a small fraction of residual transport remains to account for the apparent volume regulation (failure to swell indefinitely) of tubules bathed in high concentrations of the drug (Fig. 4) . Alternatively, apparent regulation of cell volume at a level ZO-40% above normal in the presence of high doses of ouabain could be due to the constraint to swelling imposed by the relatively stiff basement membrane (23), a phenomenon explored recently in preliminary studies (17). In any event, it is clear that ouabain disturbs normal cell volume regulation in this experimental setting. The present studies emphasize the importance of the time course in evaluating the changes in cell volume and cation content of tubules exposed to ouabain (Fig.  4) . A representative experiment in which 10e5 M ouabain was evaluated is shown in Fig. 5 . Upon addition of ouabain, there was a rapid loss of cellular potassium and net gain of Na. The net balance of cation apparently determined the cell volume in the early phase, after the addition of ouabain. In the example shown in Fig. 5 Na + K concentration remained constant, and presumably cell volume did not change in the early phase. In other studies of 10m5 M ouabain not shown here, the loss of K exceeded the gain of Na in the 1st min after ouabain, and cell volume presumably decreased transiently as shown in Fig. 4 . In Fig. 5 the cell content of sodium increased steadily as potassium decreased, so that in the final analysis there was a slight increase in the cell Na + K concentration and presumably cell volume increased after 40 min in 10m5 M ouabain.
The influence of the concentration of ouabain on the change in cation content of PST is illustrated in Fig. 6 . A concentration of 10N6 M ouabain caused the tubule K/ Na ratio to change much more slowly than either the 10m5 or 10v4 M concentrations.
The rate of change of the K/Na ratio was rapid and not appreciably different between the 10m5 and 10m4 M concentrations of ouabain. With the two higher concentrations of ouabain, it is remarkable that within 10 min the cell K/Na ratio changed from about 3 to approximately 0.5 in consequence of the loss of K and gain of Na. Such rapid exchanges imply 1) that the Na-K Ctpump" is rapidly inhibited by ouabain, and 2) the permeability to cation of the basolateral plasma membrane is relatively high.
Effect of hypotonic medium on Na-K content. Previously, we had demonstrated that PSTs rapidly regulated cell volume in hypotonic medium (7). Upon placement in hypotonic solution there was rapid swelling of tubule cells, followed by a period extending over 5-15 min during which cell volume returned toward the original base line. We attributed the decline of cell volume in hypotonic medium to a net loss of intracellular electrolyte, principally KCl. In the present studies we measured the K and Na content of tubule cells undergoing volume regulation in hypotonic medium (Table 1) . In 21 paired studies K and Na content of PSTs decreased 21.3 and 8.2 meq mm+ x 10ag, respectively, over a period of 15 min in hypotonic medium. Potassium and Na decreased 29.5 meq mm+ X 10eg, a 22% loss of intracellular cation (and presumably an equivalent loss of anion) in the course of volume regulation.
Effect of hypothermia on Na-K content in hypotonic medium. Hypothermia blocks volume regulation of PSTs in hypotonic medium (7). In the present study tubules were incubated in 37 or 10°C hypotonic medium for 15 min (Table 2) . At 37°C the K and Na content of the cells declined, as shown previously in Table 1 . By contrast, at 10°C the K content fell but the Na content rose significantly. On balance there was a slight increase of K + Na over the control value, consistent with a modest increase in tubule cell volume in the hypothermic medium. From these studies it appears that K is lost from cells but that sodium accumulates to account for the observed failure to regulate volume in hypothermichypotonic medium.
Effect of ouabain on K and Na content of tubules in hypotonic medium. Ouabain did not block the adjust- ment of PST cell volume in hypotonic medium in previous studies (7), yet as shown in the present report, the glycoside strikingly altered the cation composition of cells in a short period of time. Consequently, in view of the low K content of ouabain-treated cells, cell volume regulation in the presence of glycoside must involve loss of another cation. In the present studies tubules were incubated in 10m5 M ouabain for 30 min prior to study, and for an additional 30 min period in isotonic or hypotonic media containing glycoside. We used 10m5 M ouabain, rather than a higher concentration, in order to minimize the initial swelling of the cells prior to exposure to the hypotonic bath. The effect of ouabain on cell electrolyte content was striking when the tubules were incubated in isotonic medium (Fig. 7) . Potassium content decreased from 112 to 29.4 meq mm-l x 10eg and Na increased from 18.4 to 177 meq mm-l x 10Vg. The increase in Na + K from 130 to 207 meq mm-l x 10sg may be interpreted to indicate greater cell swelling in 10m5 M ouabain than was observed upon direct inspection of cell size (Fig. 4) , or alternatively, a change in the proportion of cations to fixed multivalent anions. We do not have a unique interpretation since cell volume and anion content were not estimated concurrently in the studies of cation content. More important 10M5 M ouabain changed the intracellular composition of the cells radically, so that we could observe the subsequent effects of hypotonic medium on solute content when Na was the dominant cation.
account for the decline of cell volume in ouabain-treated tubules in hypotonic medium observed previously (7). Consequently, in contrast to our earlier prediction, Na was the predominant cation lost from ouabain-treated proximal tubules cells during volume regulation in hypotonic medium.
DISCUSSION
There was marked decrease in the cell content of Na (-59 t 18 meq mm+ x 10eg, P < .005) when tubules were placed in hypotonic medium containing ouabain in paired experiments.
The K content of the cells decreased only 4 meq mm-l X 10wg, an amount insufficient to
The substance of the present study depends heavily on a new method for the estimation of intracellular cations in kidney tubules. In previous studies of cell ion content a marker, such as inulin or albumin, was used to estimate the extracellular contribution to total tissue cations. In studies of single isolated tubules, trapped extracellular fluid was estimated from the radiation emitted by high-specific-activity, radio-labeled inulin or albumin in a low-background, gas-flow radioactivity counter (2). Dry weight was used as a reference base and was obtained by weighing residues of single tubules on quartz microbalances (2). In the present study we simplified the method of analysis by rinsing extracellular sodium away from the cells and using tubule length as a reference base. Fortunately, rinsing the tissue in chilled choline chloride medium preserved intracellular cation content, while extracellular Na was removed. The retardant effect of hypothermia on transmembrane solute flows was not limited to cations since PAH efflux from cells into chilled saline was markedly slowed. The efflux of a noncharged species, urea, was also slowed by hypothermia.
At room temperature and body temperature the permeability to K and Na is sufficient to cause rapid transmembrane exchange of cell solutes. Burg and Orloff (3, 4) had shown previously that the passive flux of ions decreased strikingly in the cold, so that in the final analysis, owing to a nearly proportionate reduction in active flux, intracellular cation content did not change significantly in the hypothermic state. Presumably, this relationship holds at 5"C, the maximal temperature of the choline rinse solution in the present studies. We used tubule length rather than dry weight as a reference for tubule electrolyte content. Tubule length is used as a reference for most micropuncture studies; consequently, reference to length in studies of ion content is not a revolutionary departure.
It is emphasized that in our study we were careful to use PSTs from the same region of the cortex in order to minimize the possibility that inclusion of proximal and distal portions of the pars recta might increase variability owing to different types of functions in these segments. In our hands, there was reasonable agreement between replicate determinations of cell K and Na in samples of PST taken from the same kidney.
The loss of K and Na (presumably with anion) from PST into hypotonic medium accounts for the volume adjustment we observed previously (7). As shown in Of interest was the finding that Na as well as K was lost from cells in the course of hypotonic volume adjustment. The importance of the Na loss was emphasized by the observation that hypothermia blocked cell volume regulation and net Na loss in hypotonic media, but net K efflux proceeded as in the 37°C experiments.
It should be noted that tubules also maintain a relatively constant volume when exposed to cold isosmotic medium (ref. 7; Fig. 6 ), a condition in which cell K and Na do not change remarkably (3, 4). The dissociation of volume regulation from K loss suggests that sodium efflux may have an important role in hypotonic volume regulation after all.
The role of sodium was highlighted further by the studies of the effect of ouabain on tubules in hypotonic medium. Previously, we had shown that ouabain did not block volume loss in hypotonic medium, from which we concluded that active Na transport had little to do with the volume adjustment phenomenon.
In the present study we have obtained a more correct interpretation of the initial ouabain studies. Volume adjustment in hypotonic media must be independent of K loss in the presence of ouabain, since the cell K content is nearly exhausted by prior treatment with glycoside. Clearly, in the Na-loaded cell hypotonic volume adjustment is principally due to the loss of Na and anion. This would suggest that a ouabain-insensitive sodium efflux mechanism may be a factor in hypotonic volume regulation as has been implicated in renal isotonic volume regulation by other investigators (reviewed in ref. 24). However, our present studies do not lend rigorous support to the ouabain-insensitive pump hypothesis. There are at least two alternative explanations for hypotonic volume regulation in the sodium-rich cells. The first relates to the possibility that residual active sodium transport is incompletely inhibited by the glycoside. As the concentration of ouabain is increased, the concentration of Na in the intracellular fluid rises also. Consequently, the gradient for backflux of Na from bath to cell is decreased with increasing concentrations of ouabain. A residual "classical" pump operating at only a small fraction of normal activity might generate the necessary efflux of Na, provided the backflux was negligible. In this manner cell volume in hypotonic medium containing ouabain could be substantially regulated by a residual classical solute pump. We cannot address this possibility further, because in the present studies we examined cell cation content in hypotonic medium in response to only one concentration of ouabain. The second reason which precludes acceptance of a "second pump" derives from recent preliminary studies performed in our laboratory (17). It appears that in the presence of ouabain, fluid, and salts may be ultrafiltered across the peritubular membrane in response to oncotic gradients equivalent to 20-40 mmHg. Oncotic gradients of similar magnitude have a perceptible, but minimal impact on cell size in the absence of ouabain inhibition.
Consequently, because of the relative stiffness of the tubule basement membrane (23), hypotonic swelling of cells undoubtedly creates a significant hydrostatic pressure gradient across the basolateral plasma membrane which would promote the ultrafiltration of intracellular solute and water into the external bath with a reduction of cell volume. In the presence of ouabain NaCl may filter readily in response to hydrostatic pressure generated by cell swelling.
By contrast, in the absence of glycoside such pressures do not appear to play a role in cell volume adjustment since removal of the basement membrane had no effect on the rate of cell volume regulation in hypotonic medium (7). Thus the present studies of normal and ouabain-treated tubules brings to view at least two independent mechanisms which may account for the adjustment of cell volume in hypotonic media. 1) In normal tubules principally K and anion move from cell to bath down an electrochemical gradient that is modulated by active sodium extrusion. In this context the "active transport" of sodium encompasses the ouabain-sensitive and ostensibly ouabaininsensitive components that have been postulated for kidney tissue (24). 2) Alternatively, in sodium-rich cells in the presence of ouabain (active sodium transport inhibited), hydrostatic pressure, generated by swelling of cells within the cylindrical basement membrane, may promote the ultrafiltration of sodium and chloride from cytoplasm to bath to account for the apparent volume regulation in hypotonic medium. By this account, ouabain confers on the cells a special property not present in normal tissue subjected to hypotonic challenge. Thus in this case the volume regulation of normal versus ouabain-treated tubules cannot be viewed as a reflection of a single mechanism.
Hypotonic regulation has been studied in a number of other tissues and species. Euryhaline marine invertebrates exhibit isosmotic intracellular regulation owing to efflux of ninhydrin-positive solutes, presumably amino acids (9, 21). In vertebrate cells, however, it appears that intracellular K and Na, together with anions, are the principal solutes extruded during volume regulation (6, 13, 16, 19, 20, 25) . The rate of hypotonic volume regulation appears fastest in nucleated cells containing mitochondria, such as proximal kidney tubules (7), leukemic cells (19, 20) , and Ehrlich ascites cells (13). By contrast, nucleated erythrocytes (16) exhibit volume regulation at a slower rate than the former cells, and mature nonnucleated erythrocytes from humans (18) require several hours to reach a new steadystate volume.
The importance of the hypotonic volume regulation mechanism is best exemplified by the common clinical condition, dilutional hyponatremia.
Patients often develop severe chronic hyponatremia (serum Na of 120 meq/liter or less) without significant symptoms of central nervous system dysfunction.
Since brain cells exhibit osmometric behavior, one would expect more severe signs and symptoms of cerebral hypertension than is usually the case. The reasons for the failure of brain 14), and Arieff and co-workers (1) . Coincident with the development of hyponatremia brain cells lose KC1 and possibly NaCl, as do other types of mammalian cells, and thereby, brain volume is regulated to a normal level. The time course of the volume adjustment in brain has not been studied in detail, although it certainly proceeds over a period less than 24 h.
Brain cells provide the most dramatic view of the importance of hypotonic regulation, albeit most cells of
